Abstract: Series of rod samples of Zr55Al10Ni5Cu30 alloy were prepared by magnetic suspend melting and copper mold suction casting method. The effect of thermal rate treatment (TRT) process on glass forming ability (GFA), mechanical properties and microstructure of Zr-based bulk metallic glass were investigated. It shows that GAF, mechanical properties and microstructure of as-cast Zr55Al10Ni5Cu30 BMGs alloy to a large extent is related to TRT process. GFA and thermal stability of as-cast Zr55Al10Ni5Cu30 alloy increase when overheating temperature increases. Supercooled liquid region ΔT x and parameter γ increase from 73 K to 89 K, from 0.413 to 0.417, respectively, when casting voltage increases from 7 kV to 10 kV. And a threshold overheating temperature is found for the fully amorphous structure, below which it may have an intersection with the crystallization position. It is found that the compressive strength increases and the compressive plasticity slightly decreases when overheating temperature increases. However, the compressive strength and the compressive plasticity simultaneously increase to 1.91 MPa and 2% when casting voltage increases to10 kV.
Introduction
Since the first synthesis of an amorphous phase in the Au-Si system by a rapid solidification technique in 1960 [1] , Amorphous alloys or metallic glasses have attached much attention for their excellent properties such as high strength, high hardness and excellent impact resistance, which are important qualities for engineering and structural materials [2−7] . Among these, Zr-based BMGs have been drawing extensive attention because of their high glass forming ability (GFA), as well as their outstanding properties. In multicomponent systems, GFA can be simply viewed as the resistance to the precipitation of crystalline phases from undercooled liquids [8−9] . Therefore, the fabrication of monolithic amorphous alloy is still under the fundamental principle of suppressing the precipitation of crystalline phases in as-cast samples. In practice, except both major alloying elements and minor alloying additions affect the crystallization process in BMGs, preparation process and solidification conditions have an important effects on mechanical properties of BMGs. Apparently, it is necessary to understand the effects of solidification process. Recently, it was reported that the compressive plasticity of BMGs depended largely on the fabrication processes [10−13] . Mechanical properties could be improved to some extent by controlling solidification condition which is attributed to the homogeneous distribution of nanocrystals in amorphous matrix. Therefore, controlling solidification process is not only an effective way to improve properties of BMGs, but also instructive to BMGs's engineering application.
The so-called thermal rate treatment (TRT) [14−15] of alloy melt is such a technology that the melt is first superheated to a very high temperature, usually more than 300 °C above its liquidus, keeping the temperature for several minutes, and then cooled quickly to a pouring temperature prior to pouring. By thermal rate treatment technology [15] at 875 °C, the structure of an Al-13%Si (mass fraction) alloy is modified without any addition of modifying elements. With increasing the temperature up to 775 °C, the atomic density and the coordination number of the alloy increase slowly. NOVAK et al [16] studied the Fe 83.4 B 16.6 glassy alloy in detail and found that the coercivity, H c , decreased with increasing melt temperature. With the increase of the melt temperature, it was reported [17] 1.5 alloys had proved that the elevation of the melt temperature at the same quenching rates reduces density, increases the coefficient of thermal expansion and electrical resistance and decreases the thermal coefficient of the resistance [18] . BIAN et al [19] reported that the amorphous ribbon of the Al 85 Ni 10 Ce 5 alloy with a thickness of 300 μm was obtained using a single-roller melt spinning technique by the thermal rate treatment, while that of 50 μm was obtained under conventional melt superheating condition. However, afore mentioned work mainly focused on the alloys with low GFA and small sample size of several hundreds micrometer. The effects of solidification conditions on properties of BMGs are significant because small-size samples contain a large amount of free volume, which favors the nucleation of shear bands and compressive plasticity [20−22] . Investigating the effects of thermal-rate treatment on properties of large size sample is seldom reported. In this paper, the processing parameters during the solidification of molten alloys were strictly controlled. The effects of thermal rate process on GFA, mechanical properties and microstructure of 3 mm-diameter rods of Zr55Al10Ni5Cu30 bulk metallic glass were discussed.
Experimental
Multicomponent alloy ingots with nominal compositions of Zr55Al10Ni5Cu30 were prepared from pure elemental Zr, Cu, Al and Ni of 99.9% (mass fraction) purity by suspend melting under an argon atmosphere using a water-cooled copper mold. The master alloy was remelted three times in order to obtain chemical homogeneity. Four bulk cylindrical rods with diameters of 3 mm were fabricated by copper mold suction casting at different casting voltage holding for 2 min, respectively.
The amorphous structure of the sample was identified by X-ray diffraction with Cu K α radiation (Rigaku D/MAX−2400X diffractometer, diffraction range of 20º−80º); and thermal stability associated with glass transition, supercooled liquid region and crystallization was examined by differential scanning calorimetry (DSC) at a constant heating rate of 20 K/min in a flowing argon. The cross-section of as-cast rods and fracture surface were examined by scanning electron microscopy (SEM) on a JEOL JSM−6700 machine, mechanical properties performed on the domestic WDW−100D test machine at room temperature under quasi-static loading conditions (strain rate 8.3×10
), the samples for compression test were with a size of 3 mm in diameter and 6 mm in length. As the samples cooled by casting voltages of 7, 8, 9 and 10 kV, respectively, it can be seen that the XRD patterns consist of only one broad diffuse peak between diffraction angles 30° and 45°, with no apparent crystalline phase corresponding to the sharp crystallization peak, indicating that all of four samples are in the amorphous structures. However, as the casting voltages are 7 kV, 8 kV, though they show broad diffuse backgrounds, but the amorphous diffuse peaks are sharp, the amorphous diffuse peak of 7 kV is sharper than that of 8 kV, showing that it has the trend of further crystallization, and the trend of further crystallization of 7 kV is more obvious. Thus, the threshold overheating temperature for fully amorphous structure of Zr55Al10Ni5Cu30 is at least 7 kV, below which it may have an intersection with the crystallization position.
Results and discussion
Investigations of the temperature properties and short range order of the melts [23] have shown that their microheterogeneous states are metastable or nonequilibrium rather than thermodynamically stable. The initial heterogeneity of the melt inherited from its pre-history (e.g. melting a heterogeneous ingot with eutectics and primary crystals, heating a stratified melt above its immiscibility gap, mixing the components at the temperature slightly above liquidus or immiscibility domain, etc.) is responsible for the appearance of microheterogeneity. The characteristic lifetime of the metastable state at low overheating above liquidus (10−50 K) ranges from 1 to 10 h. The microheterogeneous melt, heated above the temperature specific to each composition, transforms irreversibly to the true solution. Thus, a threshold overheating temperature is found for the amorphous alloys, above which there is a drastic increase in the undercooling level and the crystallization times [24] . If the liquid is cooled from a temperature below the threshold overheating temperature the heterogeneous sites are never dissolved and induce the static heterogeneous nucleation in crystallization process [25−27] . As the casting voltages are 9 kV, 10 kV, the amorphous diffuse peaks are wide, indicating that the structures of samples are closer to the pure non-crystalline. At these overheating temperatures, some impurities and high melting point materials are melted, some of short program structures of hereditary are destroyed, that is to say, the melt has been purified to some extent [28] . Clearly, TRT process can purify the melt and reduce its quenched nuclei, the melt is becoming very homogeneous. Therefore, GFA of Zr-based bulk metallic glass is increased. Fig.2 shows the DSC curves of as-cast Zr55Al10Ni5Cu30 samples fabricated at casting voltages of 7, 8, 9 and 10 kV, respectively. When heating rate was 20 K/min and protective atmosphere was argon, characteristic thermodynamic temperature was measured by tangent method. As listed in Table 1 , the glass transition temperature (T g ), crystallization temperature (T x ), liquidus temperature (T l ), solidus temperature (T m ), together with supercooled liquid region, ΔT=T x −T g , and reduced glass transition temperature T rg =T g /T l , parameter γ=T x /(T g +T l ) are summmerized. As can be seen from Fig.2 and Table 1 that T g and T l decrease as the casting voltages are raised from 7 kV to 10 kV, whereas T x exhibits an unclear trend. ΔT x and T rg increase from 73 to 89 and 0.413 to 0.417, respectively. That is, higher overheating enhances the thermal stability of bulk amorphous alloys. As aforementioned, the heterogeneous effects are suppressed effectively at large overheat levels. Furthermore, the viscosity decreases and homogenized structure of master alloy forms in the molten state, which is beneficial to improve the thermal stability [29] .
In order to evaluate the mechanical properties of these samples, we carried out quasi-static compression experiments, which were done on the samples with diameter of 3 mm at strain rate of 8.3×10
. Fig.3 shows the compressive properties of as-cast Zr55Al10Ni5Cu30 samples fabricated at different casting voltages. Their mechanical properties are summarized in Table 2 . It is seen that samples at casting voltages of 7, 8, 9 kV undergo a large amount of elastic deformation, followed by a small amount of plastic deformation with negligible work-hardening. Sample at casting voltage of 10 kV shows a stage of serrated flow with plastic strain of 2.00% before fracture. This serrated characteristic indicates simultaneous operation of multiple shear bands in contrast to a discrete shear band nucleation. Also the fracture stress is higher than other three samples, approximately 1.91 GPa. Fig.4 shows compressive fracture strength and plastic strain dependence of casting voltages for 3 mmdiameter as-cast Zr55Al10Ni5Cu30samples. Clearly, the compressive fracture strength increases as the casting voltage increase from 7 kV to 10 kV and reaches the maximum values of 1.91 GPa at casting voltage of 10 kV. Whereas, the plastic strain slightly decreases from 0.56% to 0.16% as the casting voltage is from 7 kV to 9 kV, and dramatic increases to 2.00% at 10 kV. That is to say, higher overheated temperature improves the compressive fracture strength and plastic strain of bulk amorphous alloys. Fig.5 shows the fracture morphologies of d3 mmdiameter as-cast Zr55Al10Ni5Cu30 samples prepared at different casting voltages.
As can be seen that the typical fracture morphology of full bulk amorphous alloy is shown in Figs.5(a) and (b), which is a typical characteristic of fracture feature with well-developed vein patterns. The local melting and the softened alloy, which look like liquid droplets, can also be observed on the fracture surface. And there are some little area, irregular smooth featureless zones distributing in Fig.5(a) . There are large areas of smooth featureless zones and scattered vein patterns in Fig.5(c) , and the vein patterns are shallow. Fig.4(d) shows that it is made up of visible smooth featureless zones and veins zones, smooth featureless zones are very wide and have obvious signs of flow which connected with the veins, meanwhile, there is no "droplet". This is consistent with the good plastic deformation at the casting voltage of 10 kV.
Based on aforementioned results, it is clear that mechanical properties of Zr55Al10Ni5Cu30 alloy to a large extent is related to TRT process. COHEN et al [30−31] proposed that the quantity of excess quenched-in free volume is determined by the cooling rate when glass-forming materials cooled from liquid state. A faster cooling rate means that atoms hardly have enough time to move to their local ordered equilibrium positions, thereby disordered packing structure and more free volume form during the cooling from the melt. But more atoms have enough time to move to their local ordered equilibrium positions when glass-forming material is cooled from the high overheating temperature at the same cooling rate. That is, highly dense random packed microstructure and less free volume form during cooling from the high overheating temperature at the same cooling rate [32] . Even a tiny change in the free volume could induce a dramatic effect on flow behavior. Since free volume is needed to allow metallic glasses to deform, a reduction in free volume hinders plastic deformation [33−34] . Different research groups worked on the effects of casting temperature on mechanical properties, and reported that low casting temperature usually improves to different extent compressive plasticity of amorphous alloys [10−11] . Thus, the sample cooled at higher casting voltages may exhibit higher fracture strength, while sacrificing compressive plasticity. At casting voltages from 7 kV to 9 kV, the variation tendency of fracture strength is accordant with the conjecture; Whereas the compressive plasticity exhibits a different trend. This is due to the different residual stresses in the bulk amorphous alloys. AYDINER et al [35] reported that high stresses can be attained in metallic glasses due to thermal tempering compression, which is about −300 MPa on the surface balanced by tension of 150 MPa in the middle. Moreover, higher overheated temperature induces large temperature gradients, then induces higher thermal residual stresses under the same cooling conditions. Such residual stresses will superimpose on any applied stress, potentially affecting the fracture and compressive plasticity. Such a stress state is known to be highly beneficial in silicate glasses as their strength and toughness are improved by the compressive surface stress that inhibits crack propagation. That is, higher residual stress forms on the sample cooled at higher casting voltage, thus resulting in increase of the fracture strength and slightly decrease of compressive plasticity.
Based on the results of the present study, it is clear that the mechanical properties of bulk metallic glasses fabricated by different overheating temperature are determined by the interaction of the free volume and residual stresses. By reducing the free volume, one can enhance fracture strength, while sacrifice compressive plasticity. However, both the fracture strength and compressive plasticity can be enhanced by controlling the residual stresses. Thus, bulk amorphous alloys exhibit good compressive plasticity at high overheating temperature. And as the casting voltages are 7, 8, 9 kV, the residual stresses show more less effect on the fracture strength and compressive plasticity, whereas free volume has more influence. As the casting voltage was 10 kV, the residual stresses show more effect on the fracture strength and compressive plasticity than free volume. Thus, careful control of free volume and residual stresses can potentially be used to improve the overall properties of bulk metallic glasses and obtain desired characteristics [26] . Finally, in TRT process through a change of casting voltage, mechanical properties of BMGs can be tailored.
Conclusions
1) Based on a study of GAF, mechanical properties and microstructure of Zr55Al10Ni5Cu30 bulk metallic glasses fabricated by different overheating temperature, with specific attention paid to the effects of free volume and residual stresses variations, the effect of TRT process were found.
2) GAF, mechanical properties and microstructure of as-cast Zr55Al10Ni5Cu30 BMGs alloy to a large extent are related to TRT process. GFA and thermal stability increase when overheating temperature increases. Supercooled liquid region ΔT x and parameter γ increase from 73 K to 89 K, from 0.413 to 0.417, respectively, as casting voltage increases from 7 kV to 10 kV. Also, higher overheating temperature improves the fracture strength, while slightly sacrificing compressive plasticity. However, the compressive strength and the compressive plasticity simultaneously increase to 1.91 MPa and 2% when casting voltage increases to 10 kV. Residual stresses made severe effect on the samples cooled by higher overheating temperatures, resulting in increase of the fracture strength and compressive plasticity. Whereas free volume of samples fabricated by lower overheating temperatures, has greater influence upon mechanical behaviors, causing a decrease of fracture strength and a slightly increase of compressive plasticity. Finally, mechanical properties of BMGs could be tailored by controlling overheating temperature in certain extent.
